The article describes the results of the research on thermal stability of electrical parameters of n-type gallium arsenide doped with tellurium, defected by ion implantation, measured at the operating temperature ranging from 77 K to 373 K. The aim of the work is to investigate the character of changes in the values of such electrical parameters as resistivity, capacity and loss tangent of the tested GaAs samples, exposed to dierent thermal conditions. Temperature dependences analyzed in the paper could be taken as a basis to formulate general speculations concerning potential applications of the tested material as a substrate in the process of photovoltaic cells production. The phenomenon of conversion of solar energy into electricity is strongly connected with electrical properties of photovoltaic cell substrate material and its internal structure. Moreover, the eciency of photoconversion is aected by such factors as charge carrier lifetime distribution and diusion length in the base material. Therefore, it is necessary to conrm what is the character of the inuence of operating temperature on the electrical parameters of GaAs and what modication could be introduced in the material in order to increase the eciency of photoconversion.
The article describes the results of the research on thermal stability of electrical parameters of n-type gallium arsenide doped with tellurium, defected by ion implantation, measured at the operating temperature ranging from 77 K to 373 K. The aim of the work is to investigate the character of changes in the values of such electrical parameters as resistivity, capacity and loss tangent of the tested GaAs samples, exposed to dierent thermal conditions. Temperature dependences analyzed in the paper could be taken as a basis to formulate general speculations concerning potential applications of the tested material as a substrate in the process of photovoltaic cells production. The phenomenon of conversion of solar energy into electricity is strongly connected with electrical properties of photovoltaic cell substrate material and its internal structure. Moreover, the eciency of photoconversion is aected by such factors as charge carrier lifetime distribution and diusion length in the base material. Therefore, it is necessary to conrm what is the character of the inuence of operating temperature on the electrical parameters of GaAs and what modication could be introduced in the material in order to increase the eciency of photoconversion. It is commonly known that many types of photovoltaic (PV) panels and technologies of their production are currently available on the commercial market. In the last decade it was possible to notice a thriving development of this branch of industry, especially a trend to continual searching for new materials and production methods, aimed primarily at improving the eciency and reducing the price of the PV cells. The most common and most popular material used in the production of photovoltaic cells is silicon, because of such advantages as low price, widespread accessibility and high stability of crystal structures. According to the latest report of U.S. National Renewable Energy Laboratory on the best research-cell eciencies [1] maximum eciency of the single crystal silicon photovoltaic cells reaches the level of 25%. However, the reported values were recorded in the laboratory conditions and could be signicantly different compared to the ones that could be possibly obtained in the real operating environment.
On the other hand, the same report indicates the gallium arsenide as the material that enables to substantially increase the eciency of PV cells up to the 44.7%. For that reason many authors of recent publications in the eld of photovoltaic science, commonly undertake research aimed at improving characteristics of photovoltaic cells constructed on the basis of gallium arsenide and enhancing their production process, which is still relatively expensive. In Ref. [2] the author stressed strong inuence of temperature on the parameters of PV cells. Particularly, open circuit voltage signicantly decreases with * corresponding author; e-mail: p.wegierek@pollub.pl temperature, whereas the increase in short circuit current value is very slow. Consequently, other parameters like maximum power, ll factor and eciency, also decrease signicantly with the increase in temperature. Simultaneously, the authors of [3, 4] pointed out to a number of methods which allow to rise the eciency of PV cells. Among the suggested improvements there are such solutions as: introduction of more advanced production technology, reduction of reections by using anti-reective coatings, decreasing absorption surface temperature by cooling systems, maximizing the usage of a free space between single cells, implementation of solar radiation concentrators and introducing changes in the material which a cell is made of. Application of the last mentioned solution results in the increase of a cell eciency by 1.4 times for multicrystalline silicon, 1.8 times for monocrystalline silicon, 2.2 times for GaAs photovoltaic cell, 2.3 times for cell made of GaAs/GaAsAl and 2.85 for the AlGaAs/Si cell. The role of ion implantation technology in solar cell substrates manufacturing process was also discussed in [5] . On the other hand, in the papers [6, 7] the inuence of proton implantation and post-implantation annealing on the physical properties of GaAs substrate has been explained.
What is more, in [8, 9] it has been shown that singlecrystal, thin lm GaAs PV modules have achieved higher eciencies than their polycrystalline and amorphous counterparts. In addition, authors of [10, 11] reported that low cost manufacturing processes are being developed by reusing the single-crystal substrates. Additionally, announcing the results of the experimental measurements, the authors of [12] concluded that the recently tested non-concentrator GaAs PV module operates with the eciency level which is close to the theoretical limit and it is expected to be less sensitive to the inuence of the operating temperature.
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Taking into consideration the state of the art described above, it is therefore justied to perform experimental verication of the inuence of temperature on the electrical parameters of the GaAs substrate which is used in the PV cells production process. The superior objective of such investigation is to conrm whether the hydrogenimplanted GaAs substrate represents considerable value for PV cells production purposes.
Experiment
The main purpose of the performed experiment was to determine optimal implantation and post-implantation treatment conditions in order to achieve maximum stability of the measured values of resistivity ρ, capacity C and loss tangent tan δ in the function of the operating temperature T p and annealing temperature T a . The experiment has been carried out in accordance with the methodology described in [13] . As the object of research several samples of GaAs doped with tellurium of the resistivity ρ = (0.55 ± 0.05) Ω cm were chosen. In order to obtain regular distribution of dopant the tested samples were subjected to poly-energy implantation of H + ions of the energies E = 65, 130, 220, 300, and 400 keV and the respective uences D = 1.0 × 10 14 , 1.1 × 10 14 , 1.2 × 10 14 , 1.5 × 10 14 and 2.0 × 10 14 cm −2 . The measurements were made in the operating temperature range from 173 K to 373 K. During the experiment the samples were isochronously annealed for 15 min, within the range of annealing temperatures T a up to 663 K, with average increments of (20÷40) K. Implantations were made at room temperature, using the implanter with the ion source described in [1418] . Initial sample parameters as well as implantation conditions and annealing temperature were determined on the basis of previously carried out research, described in [19, 20] .
Analysis of the obtained results
In order to determine the values of sample annealing temperature T a which could have been useful to investigate the character of the inuence of thermal conditions on electrical parameters of GaAs in the rst stage of presented analysis the dependences of resistivity and capacity on the annealing temperature were plotted for certain values of the sample operating temperatures T p . On this basis it was possible to specify what changes in the internal structure of the tested material are introduced by annealing at the temperature T a and which cases are eligible for further analysis. In Fig. 1 it can be seen that the increase in the annealing temperature up to 573 K causes also a slight increase in the values of resistivity, however, the observed growth did not exceed one order of magnitude. For T a ranging from 573 K to 663 K, it is possible to notice regular reduction in the ρ values, which are close to 10
6 Ω cm for T a = 663 K. Moreover, it is noticeable that the average value of measured resistivity decreases by three orders of magnitude with the increase in the operating temperature. As a result, for the highest recorded T p = 373 K the value of ρ is practically stable in the whole considered range of T a . On the other hand, Fig. 2 shows that the value of capacity is insignicantly aected by changing thermal conditions, as it is possible to observe that for T p = 173 K the capacity plot is almost stable, and with the increasing T a a slight decrease of C value (one order of magnitude) is found for T p up to 323 K. Exceptionally, for T p = 373 K the capacity rises over T a = 573 K.
The second stage of analysis was performed to conrm the degree of inuence of operating temperature on stability of ρ, C, and tan δ values of tested samples. Figure 3 presents the dependences of resistivity in the function of the operating temperature plotted for values of T a determined in the previous stage of the analysis. As it can be seen only annealing at the highest T a temperature ensures a relatively stable resistivity dependence, opposite to the other registered plots. Analysis of capacity changes (Fig. 4) conrms the tendency towards low sensitivity of its value to the variable thermal treatments as well as operating conditions. A signicantly dierent trend could be observed in the tan δ plot presented in Fig. 5 . Consequently, one can see that annealing at T a = 663 K stabilized the value of the loss tangent on the level of 10 1 in the full range of considered operating temperature, whereas the plots referring to the lower T a values stabilize after reaching the operating temperature level from 290 K to 340 K, depending on the value of T a . Fig. 5 . As in Fig. 3 , but for dependences tan δ = f (Tp).
Conclusions
The obtained results conrmed that there is a strict correlation between the operating and annealing temperatures as well as the abilities to transfer electric charge carriers. The observed correlation could be explained on the basis of the model of jumping recharging mechanism in strongly defected GaAs, which was discusssed in [21] , as well as the mechanism of radiation defects creation [22] .
Comparative analysis of the temperature dependences presented above, plotted for the poly-energy ionimplanted GaAs samples, was aimed at evaluating ion implantation conditions as well as the implanted samples parameters in the way that ensures high thermal stability rate in the considered range of operating temperatures T p . As a result, it was concluded that in GaAs doped with tellurium, defected by the process of ion implantation and annealed at the temperature up to 663 K thermal stability of measured parameters was partially achieved. Therefore, it is reasonable to continue the research aimed at choosing such parameters of ion implantation and post-implantation processes that will allow to produce a thermally stable GaAs sample.
